ABSTRACT In this paper, we demonstrate the impact of channel aging on the spectral-and energyefficiency performance of the multi-pair two-way massive MIMO relay (MTW-MMR) systems, where massive antennas are deployed at the relay and the amplify-and-forward (AF) protocol is operated. By assuming the maximum-ratio combining/maximum-ratio transmission (MRC/MRT) or zero-forcing reception/ zero-forcing transmission (ZFR/ZFT) relaying processing, we analyze the spectral efficiency (SE) and energy efficiency (EE) of the MTW-MMR systems experiencing both imperfect channel estimation and channel aging based on the four proposed power-scaling schemes. Furthermore, we compare the performance of the full-duplex (FD)-assisted MTW-MMR systems with that of the half-duplex (HD)-assisted MTW-MMR systems, showing that the FD mode outperforms the HD mode with the interference level not exceeding −15 dB. Our studies show that channel aging may significantly degrade the achievable performance in terms of SE and EE. However, the inter-pair interference caused by the other user pairs and the self-interference can be effectively mitigated by the MRC/MRT processing or ZFR/ZFT processing at the relay.
I. INTRODUCTION
The 5th generation (5G) mobile communication systems [2] demand higher spectral-efficiency (SE) and higher energyefficiency (EE) [3] , [4] . In order to achieve these objectives, massive multiple-input multiple-output (MIMO) [5] ,
The associate editor coordinating the review of this manuscript and approving it for publication was Shuai Han. cooperative communications [6] , and full-duplex (FD) [7] - [9] have been drawn a lot of attention. According to literature [5] , massive MIMO is capable of effectively enhancing the SE and EE via providing a large array gain and a spatial multiplexing gain. By contrast, cooperative relaying is capable of extending coverage and increasing diversity gain without consuming extra power. Among the various cooperative relaying schemes, the two-way relaying allows gated the SE of the multi-pair massive MIMO relay networks with the MRC/MRT relay processing, when channel aging effect is considered. By contrast, the sum-rate of a singlepair FD-assisted TW-MMR system with the MRC/MRT relay processing was studied in [47] by taking the channel aging into account.
From literature, we can observe that the FD-assisted MTW-MMR system with both perfect and imperfect CSI has been well studied. However, the channel aging effect has not been sufficiently analyzed in the context of the MTW-MMR systems operated in the FD mode. Note that multi-pair systems are more general and complex than single-pair systems, as there are more types of interference in multi-pair FD systems, including inter-pair interference, inter-user interference and self-loop interference, which can result in the losses of SE and EE.
In this paper, we investigate the SE and EE of the MTW-MMR systems, when jointly considering the imperfect CSI and channel aging effect. Both FD mode and HD mode are considered to characterize the system performance. When the MRC/MRT or ZFR/ZFT relay processing is employed, the asymptotic SE and EE of the FD-assisted and HD-assisted MTW-MMR systems are derived under the proposed four power scaling schemes. With the aid of numerical and simulation results, we compare the SE and EE between the FD-assisted and HD-assisted MTW-MMR systems, showing that the FD scheme outperforms the HD scheme. Moreover, our studies show that both the inter-pair interference and selfinterference can be effectively eliminated by the MRC/MRT processing or ZFR/ZFT processing operated at the relay. However, the channel aging usually leads to the reduction of SE and EE. Our main contributions in this paper can be summarized as follows:
• To the best of our knowledge, we are the first to jointly consider the imperfect CSI and channel aging in the context of the MTW-MMR systems.
• With the transmit power of the users or the transmit power of the relay remaining constant or scaling down to 1/N , respectively, we propose four power scaling schemes. Under these power scaling schemes, the asymptotic SE and EE of the FD-assisted and VOLUME 7, 2019
HD-assisted MTW-MMR systems with MRC/MRT or ZFR/ZFT relay processing are derived.
• The SE and EE of the FD-assisted MTW-MMR systems and that of the HD-assisted MTW-MMR systems are investigated and compared based on theoretical analysis and simulations. The rest of the paper is organized as follows. Section II describes the system model. In Section III, we analyze the asymptotic SE and EE of the FD-assisted and HD-assisted MTW-MMR systems, when different operational scenarios are considered. Simulation results are provided in Section IV, and finally we draw the conclusions from research in Section V.
Notations: Boldface uppercase and boldface lowercase variables represent matrices and column vectors, respectively. (·) T , (·) H , (·) * , (·) −1 , Tr (·), · , and E {·} stand for the transpose, conjugate transpose, conjugate, inverse of a matrix, trace of a square matrix, Euclidean norm and the expectation, respectively. CN µ, σ 2 denotes a complex Gaussian distribution with a mean of µ and a variance of σ 2 . I N denotes an (N × N ) identity matrix. 
II. SYSTEM MODEL
Consider a MTW-MMR system with the amplify-forward (AF) protocol. As shown in Fig. 1 , there are K pairs of user nodes, and the mth pair of (S 2m−1 , S 2m ) (m = 1, · · · , K ) communicate with each other via a relay node equipping with a massive number of antennas. We assume that the users in {S 2K −1 } and those in {S 2K } are sufficiently separated, making the interference between them ignorable. Furthermore, we assume a flat-fading channel model, and that the channel coefficients remain constant within one symbol duration, and change slowly from one symbol to another.
A. SIGNAL TRANSMISSION
In the considered system of Fig. 1 , all nodes are assumed to be operated in the FD mode, and each user is equipped with two antennas, in which one is for signal transmission and the other one is for receiving. By contrast, the relay node has N transmit antennas and N receive antennas.
At time instant n, S k , k = 1, 2, · · · 2K , transmits the signal of √ P S x k (n) to the relay node, and the relay node broadcasts the signal x R (n) ∈ C N ×1 to all the 2K users. We assume that all users experience the same average power constraint of P S and hence, we have E |x k (n)| 2 = 1. The power constraint on the relay is denoted by P R , which is experienced as Tr E x R (n)x H R (n) ≤ P R . Based on the above assumptions, the received signals at the relay and at user k can be written as
where the superscript 'FD' is for 'full-duplex'. In (1) and (2) we define the set
, where h uk ∈ C N ×1 denotes the channels from the transmit antenna of S k to the receive antenna array at the relay. Similarly, we define
contains the channels from the transmit antenna array of the relay to the receive antenna of S k . We assume that H u and k,i represents the interuser interference, when i, k ∈ U k , i = k and the self-loop interference, when i = k, on the S k . Finally, in (1) and (2), z R (n) ∈ C N ×1 and z k (n) are additive white Gaussian noise (AWGN) at the relay and at S k , the elements of which obey the distributions of CN 0, σ 2 nr and of CN 0, σ 2 n , respectively. During the nth symbol period, the relay amplifies the signal y FD R (n − 1) received during the (n − 1)th symbol period, and broadcasts it to the 2K users. Thus, we have
where W R (n) is the amplification matrix, α(n) is the amplification factor, and W (n) is the processing matrix used by the relay for preprocessing. Thus, we have W R (n) = α(n)W (n).
Upon substituting (1) and (3) into (2), the received signal at S k is given by
where the index (n − 1) and n are omitted for convenience of presentation. In detail, in (4), the first term is the desired signal sent from user k to user k, here, k = 2m or k = 2m − 1, k = 2m − 1 or k = 2m, when assuming that there is a user pair (S k , S k ), the second term is the self-interference reflected by the user k. After some necessary self-interference cancellation in the propagation and analog domains [48] , the second term can be effectively eliminated. The third term is the inter-pair interference caused by the other (K − 1) user pairs. The fourth term consists of the self-loop interference and the inter-user interference as seen in (2) . The fifth and sixth terms are the self-loop interference and noise received from the relay, respectively. And finally, the last term is the AWGN added at S k . When substituting (1) into (3) and applying the power constraint of Tr E x R (n)x H R (n) ≤ P R on the relay, we obtain
where 1 (n), 2 (n) and 3 (n) are, respectively, defined as
In contrast to the FD systems, the HD systems don't suffer from the self-loop interference and the inter-user interference, as that described in the context of (4). Thus, with all the nodes operated in the HD mode, the received signals at the relay and at user k can be given, respectively, as
where the superscript 'HD' is for 'half-duplex'. Furthermore, in (10)
Similarly to (4), after omitting the indices (n − 1) and n, the received signal at S k can be written as
Accordingly, applying the relay power constraint, α (n) in (10a) is given by
associated with the definition
In comparison with (4), we observe that the self-loop interference and inter-user interference do not exist in (11) in the HD mode, but at the cost of halving the data rate at the extreme case.
B. CHANNEL ESTIMATION
Having provided the signal models, let us now consider the channel estimation issue. In FD mode, signals are transmitted simultaneously on both uplink users-to-relay and downlink relay-to-users channels, which interfere with each other, resulting in the challenges on channel estimation. In our study, we do not assume the reciprocity between the up and down links, but assume that the uplink and downlink channels are estimated separately, in order to obtain more accurate CSI.
In detail, we assume that CSI is estimated at the time instant 0. Specifically, the relay estimates the uplink channels using the uplink pilots sent by the 2K users. We assume that the length of pilot sequences is τ u , and that the pilot matrix for uplink channel estimation is expressed as
Then, the signals received at the relay for channel estimation can be expressed as [39] 
where Z u ∈ C N ×τ u is the AWGN obeying the i.i.d. CN (0, 1), P S is the power received from the pilots, while H u (0) are the channels to be estimated. Assuming the minimum-mean-square-error (MMSE) channel estimation [49] , the estimate to H u (0) is then given bỹ
where I 2K is a (2K × 2K ) identity matrix. Note that specifically, h uk (0) can be expressed as
where it can be shown that each element ofh uk (0) is a complex Gaussian random variable distributed with zero mean and a variance ofσ 2 uk =
, h uk (0) is the estimation error yielded by the MMSE estimator, which is independent ofh uk (0) owing to the properties of MMSE estimation.
Similarly, the downlink channel vector h dk (0) can be estimated with the aid of the pilots sent by the relay, given as
whereh dk (0) and h dk (0) have the same explanation as the corresponding terms in (17) . For the following analysis, we denote the variance of the elements inh dk (0) asσ 2 dk .
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C. CHANNEL AGING
In our study, we also consider the impact of channel aging by introducing the model proposed in [39] . In this model, at time instant (n + 1), the uplink channel vector from the kth user to the relay can be expressed as
where ρ = J 0 (2πf D T S ) is the temporal correlation parameter of the uplink channel, in which J 0 (·) is the zerothorder Bessel function of the first kind, T S is the channel sampling duration, and f D is the maximum Doppler shift [39] . e uk [n + 1] is an uncorrelated complex white Gaussian noise vector with its elements obeying the i.i.d. (17) into (19), we can obtain
. It can be shown that each entry of e uk (n) is a Gaussian random variable with zero mean and a variance of σ 2
. Consequently, when considering all the 2K users, H u [n] can be expressed as
where
Similarly, when considering the downlink scenario, we have
with φ denoting the correlation coefficient. Furthermore, the elements of e dk (n) obey the i.i.d. CN (0, σ 2 e dk (n)) with
. Moreover, when considering all 2K downlink channels, we have
D. SPECTRAL-EFFICIENCY AND ENERGY-EFFICIENCY
In the FD relay systems, the system's SE during the transmission of the nth symbol can be expressed as
where the SINR is
where P k (n) denotes the power of the desired signal, while P I (n) denotes the total power of channel estimation errors, interference and noise. Accordingly, the EE can be evaluated as the ratio between the system's SE and the total power consumption of the system, written as
where P total is the total power consumption at all the users and at the relay, which is given by P total = 2K P S + P R , according to our previous consumptions in Section II-A. Note that, information exchange between pairs of users in Fig. 1 needs two phases in the HD relay systems. Correspondingly, the SE of the HD relay systems can be expressed as
where γ k (n) can be derived from the formula (11).
III. ASYMPTOTIC SPECTRAL-EFFICIENCY AND ENERGY-EFFICIENCY WITH CHANNEL AGING
In this section, we analyze the SE and EE performance of the MTW-MMR systems with MRC/MRT or ZFR/ZFT assisted relay processing, when four proposed power-scaling schemes are respectively considered, associated with taking into account of the channel aging effect.
A. MRC/MRT RELAY PROCESSING
At the relay, the MRC/MRT processing matrix can be derived to be [18] 
When channel estimation and channel aging are involved for the nth symbol, the amplification matrix W R (n) in (3) can be derived as
Based on [50, Lemma 1] , for N → ∞, we can obtaiñ
which implies that the inter-pair interference given by those users with j = k, k and the self-interference for j = k can be effectively eliminated, as N → ∞.
B. ZFR/ZFT RELAY PROCESSING
For the ZFR/ZFT relay processing, the processing matrix can be given as [49] 
Hence, for the nth symbol, the amplification matrix W R (n) seen in (3) can be expressed as
When channel estimation and channel aging are considered, explicitly, we haveH
which means that all the inter-pair interference and selfinterference are completely removed.
C. SPECTRAL-EFFICIENCY AND ENERGY-EFFICIENCY OF MTW-MMR SYSTEMS WITH DIFFERENT POWER SCALING SCHEMES
In this subsection, we derive the expressions for the SE and EE of the MTW-MMR systems, when four power scaling schemes are respectively considered. In general, the power scaling rules can be represented as P S = E S N a and P R = E R N b with 0 a, b 1, where E S and E R are fixed values. Different power scaling rules correspond to the different values of a and b, as shown below.
In the context of Case 1, a = b = 0, giving P S = E S and P R = E R . Under this power scaling rule, both the transmit power of the users and the transmit power of the relay are not changed, as the number of antennas of the relay increases or decreases. Under this operational scenario, the SE and EE of the MTW-MMR systems employing the MRC/MRT and ZFR/ZFT relay processing are given by the following two theorems, respectively.
Theorem 1: There exists at least one Nash equilibrium for the differential game.
Assuming the MRC/MRT relay processing based on the aged CSI, the asymptotic SE and EE of the MTW-MMR systems can be expressed as
In the above formulas, the term P S a mr denotes the channel estimation errors, and the term P R b mr denotes the self-loop interference on the relay. From (37) and (38), we observe that in the FD-assisted MTW-MMR systems, the self-loop interference and inter-user interference on a user, as well as the noise on the relay and users can be successfully removed by employing a big number of antennas at the relay, while the channel estimation errors and self-loop interference on the relay still exist. By contrast, as seen in (39) and (40) in the HD systems, the self-loop interference on the relay disappears, as N → ∞.
Theorem 2: When the ZFR/ZFT relay processing based on aged CSI is employed, the asymptotic SE and EE of the MTW-MMR systems for n = 1, 2, · · · are given by
Proof 2: See Appendix B.
In the above formulas, with the case of ZFR/ZFT relay processing, the term P S a zf denotes the channel estimation errors, and the term P R b zf denotes the self-loop interference on the relay. When comparing (41)-(44) correspondingly with (37) - (40), we can find that in Case 1, the asymptotic SE and EE of the MTW-MMR systems employing ZFR/ZFT processing have similar forms as that of the MTW-MMR systems with MRC/MRT processing. As shown in (41)- (44), both the SE and EE decrease as the uplink channel correlation coefficient ρ or the downlink channel correlation coefficient VOLUME 7, 2019 φ decreases. This is because, as the channels become less correlated, or the channel aging effect becomes severer, the CSI estimated at t = 0 becomes less reliable at time n increases, and hence, resulting in the loss of SE and EE.
2) CASE 2: P S = E S , P R = E R /N For Case 2 of power scaling, we have a = 0 and b = 1. This corresponds to the operational scenario where the transmit power of a user does not change, regardless of the number of antennas deployed at the relay. By contrast, the transmit power of the relay is linearly decreased with the increase of the number of antennas deployed at the relay.
Theorem 3: When channel aging is considered, the asymptotic SE and EE of the MTW-MMR systems employing the MRC/MRT relay processing can be expressed as
for n = 1, 2, · · · . Proof 3: See Appendix C.
From (45)- (46), we can observe that, in the FD mode, the self-loop interference and noise reflected by the relay can be effectively removed, as N approaches infinity. However, the channel estimation errors, noise from user k, self-loop interference and inter-user interference on user k cannot be mitigated. This is because, in Case 2, the transmit power of a user remains constant, while the transmit power of the relay is decreased with the increase of the number of antennas at the relay. As the transmit power sent by the relay becomes lower and lower, the power of the users becomes so strong, which results in the severe self-loop interference and interuser interference, that cannot be removed by employing a large number of antennas at the relay. By contrast, when operated in the HD mode as shown in (47)- (48), the selfloop interference and inter-user interference on user k can be removed in comparison to that in (45)- (46), owing to the transmission characteristics in the HD mode.
Theorem 4: When the ZFR/ZFT relay processing based on aged CSI is employed, the asymptotic SE and EE of the MTW-MMR systems operated in Case 2 are given by
When comparing (49)- (52) with (45)- (48), we can see that the SE and EE expressions under the ZFR/ZFT relay processing are similar to that under the MRC/MRT relay processing. In (49)-(50), the self-loop interference and noise on the relay can be removed owing to the effect of massive antennas at the relay. Moreover, in (50) and (52), we observe that the transmit power of the users becomes a factor limiting the EE. This is because the transmit power of the relay decreases making the impact of P R on the EE become less important, while P S on the EE becomes dominant.
3) CASE 3:
In Case 3, both the transmit power of a mobile user and the transmit power of the relay are linearly scaled down, as the
number of antennas at the relay increases. Therefore, we have a = b = 1. In this case, the SE and EE of the MTW-MMR systems in FD or HD mode are given by the following two theorems. Theorem 5: When the MRC/MRT relay processing based on aged CSI is employed, the asymptotic SE and EE of the MTW-MMR systems can be expressed as (53)-(56), as shown at the top of this page, for n = 1, 2, · · · .
Proof 5: See Appendix E. As shown in (53), when the MTW-MMR system is operated in Case 3, only the self-loop interference and inter-user interference on the users can be eliminated, when N → ∞. By contrast, when operated in Case 1, as shown in (37), the noise from the relay and from user k, self-loop interference and inter-user interference on user k can all be removed, as N → ∞. Consequently, the SE of the MTW-MMR system in Case 3 is smaller than that of the MTW-MMR system in Case 1. In terms of the EE of Case 3, the transmit power of the relay P R and that of the users P S decrease with the increase of the number of antennas at the relay. Hence, it is shown that the EE increases as P S and P R decrease. Furthermore, when the number of antennas at the relay increases, the EE increases linearly, leading to EE FD mr (n) → ∞ and EE HD mr (n) → ∞, as N → ∞.
Theorem 6: When the ZFR/ZFT relay processing based on aged CSI is employed, the asymptotic SE and EE of the MTW-MMR system can be expressed as for n = 1, 2, · · · . Proof 6: See Appendix F. In the case of ZFR/ZFT relay processing, we observe that the asymptotic SE and EE of the MTW-MMR systems under the ZFR/ZFT processing as shown in (57)- (60), as shown at the top of the next page, are similar with that under the MRC/MRT relay processing shown in (53)-(56). The EE in (58) and (60) tend to infinity, when N approaches infinity, for the similar reason explained for (54) and (56). Therefore, we can draw the conclusion that the EE in Case 3 is the largest among the four cases considered, as shown in Fig. 5 in Section IV.
4) CASE 4: P S = E S /N, P R = E R
In this power scaling case, we set a = 1 and b = 0. Therefore, the transmit power of a user linearly scales down with N increasing, while the transmit power of the relay remains constant, regardless of the number of antennas employed by the relay. In this case, the SE and EE of the MTW-MMR systems with MRC/MRT and ZFR/ZFT relay processing are summarized by Theorems 7 and 8, respectively.
Theorem 7: When the MRC/MRT relay processing based on aged CSI is employed, the asymptotic SE and EE of the MTW-MMR system can be expressed as
for n = 1, 2, · · · . Proof 7: See Appendix G.
In the FD mode, as shown in (61), the SE decreases, as the transmit/receive antennas at the relay N increases. When N → ∞, it can be shown that SE FD mr (n) → 0, resulting in that EE FD mr (n) → 0. The SE decreases with the γ k (n) = P k (n) P I (n) decreasing, in this case, when N increases, the transmit power of the users decrease, leading to the decrease of P k (n), therefore, the SE approaches 0 when N → ∞ in Case 4. By contrast, in the HD mode, the self-loop interference on the relay, the self-loop interference, inter-user interference and noise at the user k can be effectively removed, only the noise at the relay and channel estimation errors remain in (63), as N → ∞. Theorem 8: When the ZFR/ZFT relaying processing based on the aged CSI is employed, the asymptotic SE and EE of the MTW-MMR system can be expressed as
for n = 1, 2, · · · . 
D. SPECTRAL-EFFICIENCY AND ENERGY-EFFICIENCY COMPARISON BETWEEN DIFFERENT POWER SCALING SCHEMES
In this subsection, we summarize the characteristics of the four proposed power scaling schemes. For convenience of comparison, we show a table as Table 1 to depict the differences. Note that, since the SE and EE under the MRC/MRT relay processing and the ZFR/ZFT relay processing are very similar, with N → ∞. Hence, they are considered together without distinction in Table I .
IV. PERFORMANCE RESULTS
In this section, we present the simulation results for the MTW-MMR systems with the four proposed power scaling schemes. In our simulations, we assume that P S = 20dB, P R = 27dB, σ 2 uk = σ 2 dk = σ 2 nr = σ 2 n = 1, and σ 2 RR = σ 2 k,i = 0.01. Besides, we assume that the temporal correlation parameters reflecting channel aging satisfy ρ = φ for convenience. 
A. SPECTRAL-EFFICIENCY
As shown in Fig. 2 (a) and Fig. 2 (b) , the SE of the FD-assisted MTW-MMR systems in Cases 1 ∼ 4 with the MRC/MRT or ZFR/ZFT relay processing is depicted. Firstly, given the MRC/MRT or ZFR/ZFT relay processing, we observe that the SE in Case 1 is the largest among the four cases, and the SE grows with the increase of N . By contrast, in Case 4, the SE approaches 0, as N increases, which is in consistent with the theoretical results obtained through analysis in Section III. As seen in Fig. 2 , in Case 2 and 3, the SE first increases and then decreases, as N increases. This is because, when the transmit power at the relay is scaled down to 1 N , the number of relay antennas is the principal factor determining the achievable SE. However, when N exceeds a certain value,σ 2 di associated with the downlink channel estimation becomes more and more unreliable, due to the reduction of transmit power at the relay, which leads to the decrease of SE. In addition, we can see that the SE in Case 3 is larger than the corresponding SE in Case 2.
Secondly, for the same case, it is shown that the SE of the FD-assisted MTW-MMR systems with ZFR/ZFT relay processing is superior to that of the FD-assisted MTW-MMR systems with MRC/MRT relay processing. This is because inter-pair interference and self-interference can be effectively mitigated by the ZFR/ZFT relay processing, which is not the case when the MRC/MRT relay processing is employed. Finally, the SE difference between the MRC/MRT and ZFR/ZFT relay processing schemes gradually converges, when the number of relay antennas N increases. The reason behind is that the inter-pair interference and self-interference under the MRC/MRT relay processing disappear, as N → ∞. Fig. 3 depicts the effect of channel aging on the SE of the FD-assisted MTW-MMR systems employing the MRC/MRT relay processing operated in the Cases 1 ∼ 4. Explicitly, the SE for a given case increases, when the temporal correlation parameter ρ increases, reflecting that the channel aging becomes less severe. This is the result that, when the temporal correlation parameter increases, the channels become more correlated, making their estimation more reliable, and we can see that, with the ρ increases, the SE grows faster since the impact of channel aging is decreasing. Furthermore, from a quantitative perspective, we can see that in Fig. 3 , the SE degrades about 0.6dB when the temporal correlation parameter ρ changes from 1 to 0.9 for Cases 1, the SE degrades about 2.3dB for Case 2, and the SE degrades about 1.2dB for Case 3, when ρ = 1, it means that there exists only channel estimation but no channel aging, thus, in this case, the SE will be larger than that in ρ = 0.9.
In Fig. 4 , we study the SE of the FD-assisted MTW-MMR systems versus the number of user pairs K in the cases of 1 ∼ 3, when the MRC/MRT or ZFR/ZFT relay processing is considered. It is apparent that the SE in Case 1 is the highest, while that in Case 2 is the lowest among the three cases. Furthermore, the SE in Case 2 tends to 0, as K increases, resulted from the severer inter-user interference under this circumstance. Additionally, we observe that the SE in Case 1, Case 2 and Case 3 first increases and then decreases as K increases. This is because, when K is small, the multiplexing gain dominates the achievable SE. However, when K further increases, the effect of interference becomes severe, which results in the loss of SE. 
B. ENERGY-EFFICIENCY
In Fig. 5 (a) and Fig. 5 (b) , the EE of the FD-assisted MTW-MMR systems in the Cases 1 ∼ 4 with MRC/MRT or ZFR/ZFT relay processing is depicted. As seen in Fig. 5(a) , the EE in Case 1 is larger than that in Case 2, and the EE in Case 4 is lower than that in Case 2, and approaches 0, as N → ∞, which in line with the SE shown in Fig. 2 . Furthermore, the tendency of EE in Cases 1, 2 and 4 is the same as the SE shown in Fig. 2 . As shown in Fig. 5 (b) , the EE in Case 3 is the largest among the four cases, owing to the transmit power of both the relay and the users are scaled down to 1/N , leading to the increase of EE. Here, in conjunction with the SE shown in Fig. 2 , we can draw the conclusion that the FD-assisted MTW-MMR system in Case 3 is capable of attaining the best performance tradeoff between SE and EE. 6 shows the impact of channel aging on the EE of the FD-assisted MTW-MMR systems, when the ZFR/ZFT relay processing is considered. It is apparent that the EE increases, as the temporal correlation increases, as the result that more reliable channel estimation is attainable. In addition, it is shown that in Fig. 6 , the EE degrades about 0.8dB when the temporal correlation parameter ρ changes from 1 to 0.9 for Case 1, the EE degrades about 1.7dB for Case 2, and the EE degrades about 1.2dB for Case 3. Similarly to the Fig. 3 , the EE grow faster with the ρ becomes larger, and when ρ grows to 1, the channel aging impact can be ignored.
C. COMPARISON BETWEEN FULL-DUPLEX AND HALF-DUPLEX MODES
In the HD mode, the MTW-MMR system needs two time slots to complete one symbol exchange between a pair of users, 46024 VOLUME 7, 2019 while only one time slot is required in the FD mode. However, the self-loop interference and inter-user interference existing in the FD-assisted MTW-MMR system do not exist in the HD-assisted MTW-MMR system. In Fig. 7 , we compare the SE of the FD-assisted MTW-MMR systems with that of the corresponding HD-assisted MTW-MMR systems, in terms of the power of self-loop interference and inter-user interference, expressed as σ 2 = σ 2 RR = σ 2 k,i . For N = 500, we observe that the FD mode outperforms the HD mode, provided that σ 2 is smaller than −15dB. In this case, the FD mode can efficiently exploit the time resources. However, when σ 2 becomes larger than −15dB, the SE of the HD mode is better than that of the FD mode, due to the severe self-loop interference and inter-user interference in the FD mode. Specifically, at σ 2 = 0, the loop interference channel is equally strong as the user channel, which significantly degrades the performance of the FD-assisted MTW-MMR system, resulting that the HD mode significantly outperforms the FD mode. In this case, more antennas are needed to resist VOLUME 7, 2019 the self-loop interference and the inter-user interference in the FD mode.
V. CONCLUSIONS
In this paper, we have investigated the SE and EE performance of the MTW-MMR systems by taking into account of both channel estimation error and channel aging effect. Assuming that all the nodes are operated in either FD or HD mode, we have derived the formulas for the SE and EE of the MTW-MMR systems employing MRC/MRT or ZFR/ZFT relay processing. In our analysis, we have addressed four types of power scaling schemes for different operational scenarios. Our studies and simulation results show that among the power-scaling schemes considered, the one in Case 3 is capable of achieving a good performance tradeoff between the SE and EE. For all the cases considered, channel aging results in reduction of both the achievable SE and the EE, as the result that channel estimation becomes less reliable when channels become less correlated. In both FD and HD modes, the inter-pair interference and self-interference can be effectively eliminated by the MRC/MRT or ZFR/ZFT relay processing. Furthermore, when the relay has a big number of antennas, when comparing the performance of the MTW-MMR systems in the FD mode with that in the HD mode, it is shown that the FD mode performs better than the HD mode, provided that σ 2 is smaller than −15dB. In practice, more antennas employed by the relay allows the FD-assisted MTW-MMR system to resist both the self-loop interference and the inter-user interference.
APPENDIX A PROOF OF THEOREM 1
When the MRC/MRT relaying processing is employed by the FD-assisted MTW-MMR systems, P k (n) and P I (n) in (26) can be derived from (4) and be given as (69) and (70), as shown at the bottom of this page, respectively.
From formula (5), we have
As N → ∞, the terms in (71) can be simplified as (72)- (74) with the aid of (6)- (8) .
Therefore, we have
Therefore, by substituting (72), (74) and (75) into (71), we can obtain
Therefore, when N tends to infinity, based on [50, Lemma 1], we can derive for the asymptotic signal power P k (n) and the interference plus noise power P I (n), which are given by (77) and (78), as shown at the bottom of this page.
In (78), the term P S a mr is contributed by the channel estimation errors, the term P R b mr is by the self-loop interference on the relay, while the term (N 2α (n)) 2 represents the self-loop interference and inter-user interference on user k, and finally,
2 represents the noise power at user k. Upon substituting P S = E S , P R = E R , (77) and (78) into (26) and (25), we can obtain (37) . Furthermore, by substituting (37) into (27) , we can obtain (38) .
When all the involved nodes are operated in the HD mode, from (12), we can obtain
by following the similar analysis of (71).
Remembering that the power of the desired signal in the HD mode is the same as (77), when we compare it with
(78) VOLUME 7, 2019 (78) in the FD mode, the P R b mr term denoting the self-loop interference on the relay disappears in the HD mode, and the
term of the self-loop interference on user k and inter-user interference also disappears in this case. Consequently, according to (28) , we can obtain (39) . Furthermore, from (39) we obtain the EE as shown in (40) . This completes the proof of Theorem 1.
APPENDIX B PROOF OF THEOREM 2
When the relay applies the ZFR/ZFT processing based on the aged CSI, (5) can be transformed intõ
When N → ∞, we have
Therefore, when substituting (81)-(83) into (80), we can obtain 
Furthermore, when N → ∞, with the aid of [50, Lemma 1], we can derive the asymptotic P k (n) and P I (n), which are shown as (85) and (86), as shown at the bottom of the previous page.
In (86) , P S a zf is the combination of the channel estimation errors, P R b zf is due to the self-loop interference on the relay, and σ 2 nr N d zf is because of the noise added on the relay. Finally, when we substitute P S = E S , P R = E R , (85) and (86) into (26) , and then apply the result to (25) and (27), we can obtain (41) and (42) . Similarly, when the MTW-MMR system is operated in HD mode and with the MRC/MRT processing, we can carry out the analysis to obtain (43) and (44) for the SE and EE.
APPENDIX C PROOF OF THEOREM 3
In Case 3, by substituting P S = E S , P R = E R N into (77) and (78) 
Then with the aid of (25), we can obtain (45) . Finally, when substituting (45) into (27), we obtain (46) as N → ∞. In contrast to the FD mode, in the HD mode, both the selfloop interference and inter-user interference disappear. Thus, from (87) we can obtain the SINR in HD mode as 
Consequently, by substituting (87) into (25) and (27) , (88) into (27) and (28), respectively, we can obtain (45)- (48) .
APPENDIX D PROOF OF THEOREM 4
Theorem 4 can be proved following the same steps for Theorem 3, by taking of the ZFR/ZFT processing into account. In summary, the SINR in FD mode is
and that in HD mode is γ HD k (n) = ρ 2(n−1) φ 2n E R E R a zf + ρ 2(n−1)
Consequently, with the aid of (25), (27) , and (28), we can obtain (49)-(52).
APPENDIX E PROOF OF THEOREM 5
For Theorem 5 in the Case 3 with P S = E S N , P R = E R N , we can derive to obtain 
Consequently, (53)-(56) can be obtained by substituting (91) into (25) and (27), (92) into (27) and (28), respectively in the FD and HD modes.
APPENDIX F PROOF OF THEOREM 6
When the ZFR/ZFT relay processing is operated in Case 3, in the FD mode, we have
and in the HD mode, we have γ HD k (n) = ρ 2(n−1) φ 2n E S E R E S E R a zf + σ 2 nr E R d zf + E S σ 2 n ρ 2(n−1)
applying (93) and (94) respectively to (25) and (28), and according to (27) , we obtain (57)-(60).
APPENDIX G PROOF OF THEOREM 7
In Case 4, if P S = E S N and P R = E R , it can be shown from (77)-(78) that
Consequently, the SE and EE of the MTW-MMR system employing the MRC/MRT processing and operated in the FD mode tend to 0, as N → ∞. Consequently, we can obtain get (63)-(64) by substituting (96) into (27) and (28) .
APPENDIX H PROOF OF THEOREM 8
Similarly, when the ZFR/ZFT relay processing is employed, we have
Here, the SE and EE of the FD-assisted MTW-MMR system employing the ZFR/ZFT processing also tend to 0 as N → ∞. 
Substituting it to (27) and (28), respectively, we obtain (67)-(68).
